Graphene and its chemical derivatives have been a pivotal new class of nanomaterials and a model system for quantum behavior. The material's excellent electrical conductivity, biocompatibility, surface area and thermal properties are of much interest to the scientific community. Two dimensional graphene materials have been widely used in various biomedical research areas such as bioelectronics, imaging, drug delivery, and tissue engineering. In this review we will highlight the recent applications of graphene-based materials in tissue engineering and regenerative medicine. In particular, we will discuss the application of graphene-based materials in cardiac, neural, bone, cartilage, skeletal muscle, and skin/adipose tissue engineering. We also discuss the potential risk factors of graphene-based materials in tissue engineering. In addition, we will outline the opportunities in the usage of graphene-based materials for clinical applications.
Introduction
Graphene is one of the crystalline forms of carbon, which is a single monolayer of sp 2 hybridized orbitals in a tightly packed to a two-dimensional (2D) honeycomb lattice ( Fig. 1 ) [1] . Each carbon atom has three σ-bonds and an out-of-plane π-bond that can bind with neighboring atoms [1] . This atomic structure, combined with the electron distribution of graphene, results in high thermal electrical conductivity, unique optical behaviors, excellent mechanical properties, extreme chemical stability, and a large surface area. Furthermore, by chemical and physical modifications, graphene sheets can be transformed into graphenerelated materials such as single and multi-layered graphene, graphene oxide (GO), and reduced GO (rGO), each of which has unique tunable properties. Since its experimental discovery in 2004 [2] it has been widely used in various fields such as flexible electronics [3, 4] , supercapacitor [5] , batteries [6] , printable inks [7] , optical, electrochemical sensors [8] [9] [10] , and energy storage [11] [12] [13] .
The field of tissue engineering involves the reproduction and regeneration of damaged tissues and organs [14, 15] . To achieve its potential, engineered tissues require effective organization of cellular, morphological, and physiological features resembling those in vivo [16] [17] [18] . Therefore, the development of novel substitutes to create functional threedimensional (3D) complex tissue constructs in vitro or regenerate damaged tissues in vivo are of great importance. To engineer functional tissues, the generated substitutes have to possess several key factors such as guiding cell growth and modulation, delivering bioactive molecules, generating proper physical and chemical signal cues, and stimulating mechanical properties of the native tissue. These factors can be aided by incorporating specific nanomaterials that possess the unique features and properties in between single atoms and continuous bulk structure.
endothelial growth factor (VEGF) [22] or GO carrier containing mitoxantrone have been developed as cardiac tissue regeneration systems or a therapeutic treatment for tumors [49] .
As a result of the π-bond structure and high surface area, the electron mobility of graphene is greater than 15,000 cm 2 /(V · s) at room temperature [50] , which is higher than the values observed in other materials such as carbon nanotubes (CNTs) or monocrystalline silicon currently used in electronics [34] . Additionally, this global π-configuration can be exploited by n-type [51] and p-type doping [52] agents to further tailor the electrical properties of graphene. For example, the electrical conduction of graphene decreases after doping with ethanol or ammonia and can be recovered when dopants are removed [53] . Thus, graphene might be an excellent material to stimulate and enhance the performance of electroactive cells between the biointerface and cellular membrane.
GO is a graphene derivative and the GO sheets that can be separated by treating graphite with potassium permanganate and sulfuric acid [54] . The structure of GO consists of a single atom layer and functional groups such as carboxylic acid, epoxide, and hydroxyl groups which could make it amphiphilic [55, 56] . In particular, the carboxylic acid groups on the GO plane surface provide a colloidal stability and a pH-dependent negative charge [57] . These functional groups (oxygen-containing) with different wettability as well as the large aromatic (π-configuration) interface also endow GO with the ability to interact with DNA, peptides, or proteins via physical adsorption or chemical bonding. For instance, the thiolated DNA-coated GO could be subsequently used as a 2D bionano-interface for a homogeneous and stable assembly of gold (Au)/carbon structures [58] . Moreover, proteins or peptides, such as avidin or diphenylalanine (FF) peptides have also been used to functionalize graphene or GO [59] [60] [61] .
To increase the electrical conductivity properties of water soluble GO, rGO could be produced by reducing GO through thermal, chemical, or UV exposure processes. rGO has been generated by treatment with hydrazine at 100°C for 24 hours [62] . The generated rGO had a reduced amount of surface oxygens, making it less water stable and hydrophobic due to the fact that hydrazine was eliminated and pyrolyzed [63] However, hydrazine is a highly toxic reducing agent which is not suitable for biomedical applications and therefore a biocompatible reducing agent is required to create rGO. In one study, ascorbic acid reduced rGO was tested versus the hydrazine method and it was evident that the ascorbic acid reduction method was more biocompatible than the hydrazine reduction methods [64] . For example, cells cultured on the collagen scaffold coated with rGO reduced by ascorbic acid possessed high cell viability and nontoxicity properties [65] . This indicates that ascorbic acid is a suitable reducing agent for rGO for biomedical applications. Notably, rGO has greater electron mobility (> 400 S/cm) [66] . rGO has been a fruitful material for engineering at the bio-nanointerface with neural and muscular tissues that require proper electrical properties to facilitate cell-cell signaling. Overall, graphene may be structurally and chemically modified to give an emergent platform for many biomedical applications.
Graphene-based materials for tissue engineering applications
Tissue engineering is a multi-disciplinary field that utilizes expertise in medicine, biology, and engineering to develop biomimetic tissue constructs for organ transplantation as well as for diagnostic and therapeutic research [16] [17] [18] . Biomaterials are crucial components in tissue engineering as they can induce specific cellular functions, direct cell differentiation, and modulate cell-cell interactions [67, 68] . However, different tissues in the body possess different mechanical, electrical, or physical properties. Single materials might not mimic the physical and biological properties of the native tissue; therefore, hybrid materials with multiple components that can address different requirements are widely used to fabricate artificial tissues. The extraordinary mechanical and electronic properties of graphene-based materials [69] have motivated researchers to use them in tissue engineering and regenerative medicine ( Fig. 1) [13, 20, 21, 32] . Graphene can be combined with a variety of bioactive materials to engineer materials with desired characteristics.
Graphene has been demonstrated to adsorb nucleobases via π-π interaction [70] and also effectively protect nucleotides from enzymatic cleavage [71] . Recently, gene therapy has become an important method for treating diseases in regenerative medicine. The basic requirements of a gene delivery vector include protecting DNA from degradation and ensuring high transfection efficiency ( Fig. 2 (a) ) [24] . Besides, non-viral and viral vectors also have been widely investigated for gene delivery research [72, 73] . Therefore, graphene nanosheets may be suitable as a vector and that could be easily uptaken by cells. For instance, Chen et al. used a poly(ethylenimine)-GO (PEI-GO) carrier to transfect the plasmid DNA into HeLa cells and showed that PEI-GO could enhance the transfection efficiency by a proton-sponge effect [74] .
Many researchers have employed various methods such as coating, hydrogel blending, wet/ dry-spinning procedures, and 3D printing to make 2D or 3D graphene-based constructs. Graphene and its derivatives can also be tethered with other biomaterials to enhance their mechanical, physical, and electrical properties for tissue engineering applications. In our previous study, we showed that by using different concentrations of GO, the modulus of the GO-hybrid gels could be tunable within a range from 8-24 kPa [13] . Additionally, it is known that a biomaterial's surface properties, such as topography and stiffness, can regulate cellular behaviors, including adhesion or differentiation. It has been demonstrated that when a layer of graphene is coated on an SiO 2 surface, it encourages stretching and proliferation of human mesenchymal stem cells (hMSCs) [75] . Moreover, graphene has been incorporated into other materials such as poly(L-lysine) (PLL) to significantly decrease their electrical resistance and stimulate the adhesion and neurite outgrowth of neurons [76] .
Artificial fibrous structures which allow better nutrient transport are widely utilized in biomedical applications [77, 78] . Compared with composite fibers, graphene-based fibers show higher conductivity. Xu et al. and Jalili et al. provided two similar wet-spinning processes for making GO fibers by the liquid crystalline feature of GO ( Fig. 2 (b) ) [79] [80] [81] . In order to fabricate GO with a controlled diameter, researchers injected GO solution in coagulation baths that contained NaOH (aqueous solution), KOH or CaCl 2 (in ethanol/water solution). Using the wet-spinning method a conductivity of more than 3.0 × 10 4 S/m was achieved. This fibrous structure can be utilized as biofunctional scaffolds in skeletal tissue regeneration.
Recently, 3D printing techniques have been widely applied to tissue engineering due to the high precision 3D scaffold fabrication. Enhancement of mechanical properties and improvement in thermal and electrical conductivity have increased the demand to print graphene-based materials. Several studies have utilized composites of polymers including poly(ethylene glycol)-based copolymer or poly(vinyl alcohol) (PVA) and graphene or its derivatives to fabricate printable inks [82, 83] . Addition of GO to the polymer suspensions provides a shear-thinning behavior. However, studies have shown that the electrical conductivity of the printed constructs was limited due to the presence of the insulating polymer system (<1.3 × 10 −2 S/m ) [83] . Liu et al., who created rGO fibers by a dryspinning method, also prepared pure printable graphene inks in order to increase the electrical conductivity (Fig. 2 (c) ) [66] . According to the mild thermal annealing behavior of GO [84] , dispersed GO in water can be annealed to form a soft GO gel which can be printed to form a meshed fabric structure. The printed GO mesh has shown electrical conductivity as high as 6.6 × 10 4 S/m. This 3D structure formation of graphene-based materials can be used in cardiac or neural research areas. For example, Jakus et al. have developed a method to prepare a GO-based ink with high proportion of GO (more than 50%) within poly(lactideco-glycolide) (PLG) [85] . In addition, cells on the printed construct showed high viability. Using this method, a complicated 3D architecture with high electrical conductivity and robust mechanical properties can be easily fabricated. Therefore, these novel 3D printed constructs have a great potential for use in regenerative medicine and tissue engineering when conductivity is needed.
Applications in tissue engineering and regenerative medicine

Cardiac tissue engineering and regeneration
Cardiac tissue injuries resulting from myocardial infarction or coronary artery diseases are among the most prevalent causes of morbidity and mortality around the globe. Loss of blood supply of the myocardium due to the occlusion of coronary arteries induces functional and morphological problems. Ischemia results in cardiomyocytes death through necrotic or apoptotic processes and scar tissue generation that alters contractile and electrophysiological characteristics. Since cardiac tissue is limited in its innate regenerative capacity, the damage is nearly permanent [86] . Current long-term strategy for management of cardiac injury relies on heart transplantation. However, since the number of donors is far less than the patient population, only a small fraction may receive new hearts. As a result, research efforts have been undertaken to develop approaches that can restore the biological and physical characteristics of the damaged tissue. Various novel therapeutic approaches have been introduced for heart regeneration including injecting stem cells, growth factors, peptides and biomaterials into the myocardium and generation of in vitro engineered cardiac patches in order to replace sections of damaged myocardial tissue [87] . However, the success of these patches has been limited by the challenge of creating engineered tissues that can reestablish the structure and function of the native cardiac tissue across different size scales [88] .
Cardiac tissue possesses specific contractile properties that are directly related to its highly organized and anisotropic micro architecture [89, 90] . Therefore, the proper function of engineered tissues and patches requires mimicking the anisotropic structure of the native myocardium, which can be achieved using a series of biophysical and topographical features. Additionally, cardiac muscles are electrically conductive (0.005 (transverse) ~ 0.1 (longitudinal) S/m). The unique mechanical properties of myocardium is a result of highly aligned collagen nanofibers with diameters ranging from 10 to 100 nm [89, 91] . Such nanoscale features play a vital role in regulating cellular functions.
To engineer electrically conductive materials, researchers have doped biomaterials with electrically conductive nanomaterials such as gold and carbon-based nanoparticles [90] . Such materials have been used for creating 2D or 3D scaffolds for cardiac tissue engineering and have shown improvements in cellular function. The improved cellular performance correlates with enhanced material stiffness and conductivity that lead to improved cell-cell signaling through the nanoparticles. Following these observations, nanomaterials have also been injected in injury sites to improve healing process. However, challenges such as the retention of the implanted nanocarriers at the site of injury, particularly in the dynamic beating myocardium environment, hampers the success of the therapy. This challenge has been addressed by incorporating nanocarriers within the matrix of injectable hydrogels [92] .
Stem cells possess excellent therapeutic applications for the repair and regeneration of injured myocardium. Preliminary studies demonstrated that stem cells may enhance myocardial perfusion and contractile functionality in the injured heart through differentiation into cardiomyocytes or vascular specific cellular phenotype. Cytoprotective factors released from stem cells have been shown to promote myocyte survival and reduce inflammatory responses. Stem cells are also heavily influenced by multitude of microenvironmental cues (i.e. biophysical and biochemical). Graphene and its derivatives could be used to control the fate of stem cells in vivo by providing morphological cues as well as enhancing the electrical conductivity of the matrix.
Recent studies have demonstrated the ability of graphene to stimulate the cardiomyogenic differentiation in MSCs via simply culturing MSCs on the graphene monolayers [93, 94] .
After MSCs were co-implanted with GO flakes, their survival rate improved significantly as GO protected the cells from reactive oxygen species in vivo ( Fig. 3 (a) ) [95] . Incorporation of rGO flakes within hMSC spheroids was shown to alter the expression of cell signaling molecules and improve the expression of cardiac specific markers [96] . The enhanced behavior of cardiac spheroids might be due to the high affinity of rGO flakes towards fibronectin along with high conductivity. In a mouse model of myocardial infarction (MI), the implantation of hybrid rGO-hMSC spheroids improved cardiac repair and function when compared to either hMSCs or rGO alone. Furthermore, significantly enhanced therapeutic efficacy (10 folds lower dose of MSCs) was achieved through implantation of hybrid rGO-MSC spheroids [96] . The main advantages of such delivery methods are that the nanoparticles and cells can be accurately placed at the site of injury and the drug can be delivered in a more sustained manner. Graphene-based materials have further been incorporated within hydrogel scaffolds to improve their mechanical properties and electrical conductivity. GO/gelatin methacryloyl (GelMA) hybrid hydrogel constructs with tunable mechanical and electrical conductivities were fabricated to create 3D engineered tissues ( Fig. 3 (b) ) [13, 32, 97] . GO was preferred over graphene as it is more water soluble due to its oxygen rich surface which facilitates in creating a more dispersed aqueous solutions [13] . GelMA has allowed recapitulating the complex structures by using photopatterning approaches. Moreover, the GO sheets were readily suspended and uniformly dispersed in GelMA pre-polymer solution, which is likely facilitated by the strong non-covalent interaction between GO and GelMA [13] . The mechanical property of hybrid hydrogels containing GO/GelMA was enhanced by covalently conjugating GO into the hydrogel matrix by introducing methacryloyl functional groups onto GO [32] . Additionally, covalent conjugation of GO within GelMA enabled dispersing higher concentrations of GO (3 mg/ml) without aggregation or significant increase in the viscosity [32] .
In a recent study, our group has engineered a 3D cardiac tissue multi-array based on a systematic layer-by-layer assembly of cells within GO-based films (Fig. 3 (b) ) [97] . The GO film acted as an adhesive layer that ensured strong adhesion of different layers. This strategy enabled the creation of multi-layer functional tissue construct from cardiomyocytes and endothelial cells. The thickness of the fabricated tissue was controlled by adjusting the quantity of the deposited GO. Three cell types of hMSCs, cardiomyocytes and endothelial cells were incorporated into the construct by using this approach. The results indicated that the existence of the GO-based film improved cardiac cell maturation, cell-cell electrical coupling, and organization. This was demonstrated by upregulation of cardiac markers, such as sarcomeric α-actinin, and strong beating of the construct under low external electric fields. In another study, we added GO to methacryloyl-substituted recombinant human tropoelastin (MeTro) to develop an elastic and electrically conductive biomaterial for cardiac tissue engineering ( Fig. 3 (c) ) [98] . The addition of GO to the MeTro matrix improved its elastic modulus by 53% and rupture strain by 45%. Moreover, the MeTro/GO gel exhibited remarkable resistance against rotation stress without any plastic deformation as it did not exhibit any noticeable hysteria after 23 ± 5 rotations while pristine MeTro gels deformed after the first few rounds of rotation and were ruptured after 15 ± 4 rotations. Addition of GO nanoparticles to the MeTro gel increased its electrical conductivity and resulted in a nonuniform surface topography. These changes in the material properties improved the function of cardiomyocytes seeded on the MeTro/GO gel sheets. It was observed that the average area covered by cells was increased twice in the presence of pristine MeTro after one day of culture. Furthermore, the expression of cardiac markers such as sarcomeric α-actinin, connexin-43, and troponin I was higher than pure MeTro and was improved when the concentration of GO increased.
Overall, graphene-based materials hold great promise for engineering functional cardiac tissues. Most hydrogels used for cardiac tissue engineering are mechanically weaker than natural tissue. The addition of graphene-based nanoparticles can improve the mechanical and surface properties of these materials in several ways. Moreover, these nanoparticles increase the electrical conductivity of inherently insulating hydrogels, which can enhance cell-cell signaling and improve signal propagation that are important for cardiac tissue engineering. Addition of graphene-based materials to hydrogels provide nanotopographies similar to those experienced by stem cells in vivo. Therefore, these materials can be used in stem cell-based therapies to direct their fate, but some limitation such as biocompatibility needs to be resolved in the future.
Neural tissue engineering and regeneration
The nervous system is a network of neural lineage cells that transmit related signals to synchronize the brain and parts of the body. Neurons are electrically excitable cells that maintain a voltage gradient across their membranes by using ion pumps that generate concentration gradient differences of ions such as potassium, calcium, chloride, and sodium. Neurons transmit electrical signals by utilizing chemical transmitters such as acetylcholine via a specialized synapse structure [99] . An additional unique property of neurons is that they lack the ability to undergo mitosis, and therefore enhancing the ability of stem cells to differentiate into neurons provides an attractive therapeutic strategy for the treatment of neuronal diseases. The conductive nature of graphene, [100] as well as its biocompatibility, makes it a great candidate to recapitulate the intricate signaling process associated with the nervous system.
Neuronal differentiation of stem cells on graphene-
The combination of embryonic stem cells (ESCs) and graphene has been fruitful in the sense that it poses a favorable environment for pluripotent cells to differentiate into neurons [101] . Yang et al.
compared the neuronal differentiation ability of ESCs on graphene and GO [102] . They found that, in a study of ESCs cultured on GO substrates, dopaminergic neuronal differentiation was twice more than that on graphene. They also confirmed that dopaminergic neuron differentiation of ESCs could be regulated by the concentration of GO. In particular, the number of differentiated dopaminergic neurons at the highest tested concentration of GO (100 μg/ml) was increased three times than the lowest concentration of GO (1μg/ml). Wang et al. cultured MSCs on a substrate of functionalized fluorinated graphene and demonstrated neuronal differentiation. They suggest that the strong polarity of carbon-fluorine bonds has triggered biological responses such as improving metabolic activities and strengthening the interaction between drugs and a targeted protein [103] . In addition, the strong polarity of fluorine as well as the high protein adsorption [104] led to MSCs differentiation into neuronal lineages.
Neural stem/precursor cells (NSCs) have been widely used to repair neuronal diseases by injection of exogenous NSCs in animal models [105, 106] . For example, Dibajina et al.
directly injected NSCs in the lateral ventricle, which improved recovery from brain ischemia [107] . Park et al. were the first to explore the fundamental effects of graphene-based materials on the behaviors of human NSCs (hNSCs) [108] . The researchers cultured hNSCs in a medium with growth factors combined with 2D graphene film where the hNSCs demonstrated a faster proliferation rate compared with the control group. In additon, when exposed to medium with no growth factors, cells expressed a neuronal specific marker (TUJ1) and differentiated neurons demonstrated an excellent neuronal activity on the graphene film.
Researchers have been able to utilize tunable materials in order to investigate mechanotransduction pathways along with upstream cytoskeletal and downstream gene expression factors [109] [110] [111] . In particular, neuronal outgrowth and differentiation is sensitive to surface biomolecules, morphologies, and roughness [112] . GO can be functionalized with different functional groups such as amino-, sulfonic acid-, or methoxylgroups [113] . In addition, biomimetic acetylcholine-and phosphorylcholine-like units such as dimethylaminoethyl methacrylate (DMAEMA) and 2-methacryloyloxyethyl phosphorylcholine (MPC) can be immobilized on the GO surface [114] . Therefore, neurite extension and the number of neuronal branches could be regulated by these functional groups on the GO substrate, especially on DMAEMA-bound GO. In addition, the electrical properties of graphene-based substrates may induce neuronal differentiation from stem cell. GO is also used to regulate the differentiation of NSCs when combined with other conductive polymers such as poly(3,4-ethylenedi-oxythiophene) (PEDOT) or poly(pyrrole) [115] . It is difficult to manipulate the nano-and microscale morphology of traditional conductive polymers. Thus, Weaver et al. synthesized a GO/PEDOT nanocomposite in order to create a conductive film with high roughness that may enhance neuronal differentiation [48] . In this paper, GO/PEDOT films showed high roughness with microsheet-like features compared to PEDOT/PSS films. This indicates that GO could provide tunable properties to control surface morphologies of smooth substrates. Subsequently, GO-PEDOT could be easily functionalized with interferon-γ (IFNγ) by chemical crosslinking due to presence of free functional groups on the GO surface ( Fig. 4 (a) ). Researchers have also demonstrated that neuronal differentiation was improved on the IFNγ-crosslinked GO-PEDOT film (IFNγ-CL) and neurons migrated out from the cellular clusters. To successfully achieve neuronal regeneration, proper differentiation of both neurons and oligodendrocytes is necessary [116] . Oligodendrocytes on GO-coated poly(caprolactone) (PCL) substrates could be differentiated up to five times compared to that of pristine PCL substrate, which implies that GO promotes oligodendrocyte differentiation.
During the regenerative process, neurites should interconnect and regain electrical continuity [117] . Lorenzoni et al. have confirmed that patterned single layer graphene substrate can promote neurite outgrowth to form an organized interconnected neuronal network on the graphene [118] . In addition, neuronal differentiation due to GO has been confirmed by Solanki et al. They demonstrated that a GO-coated silica nanoparticle monolayer enhanced hNSCs differentiation and induced excellent axonal alignment [119] . Lorenzoni and Solanki et al. demonstrated that improved neurite outgrowth, neuronal networking, and axonal alignment can result from proteins such as poly(D-lysine) or laminin adsorbed on the pattern of graphene-based materials. Furthermore, the GO substrate could maintain the high cellular viability over a prolonged period after differentiation. This particular feature has benefits for regenerative medicine and tissue engineering applications such as stem cell differentiation and survival. Numerous studies have demonstrated GO can efficiently guide the differentiation of stem cells due to various characteristics of GO including amphiphilicity and surface chemistry [120] [121] [122] [123] . To control stem cell fate, Kim et al. developed a concept for regulating human adipose-derived stem cells (ADSCs) differentiation combined with patterns of GO [124] . They utilized a photolithographic technique to generate two different types of nano-GO (NGO) patterns (GO line and GO grid patterns), and then cultured hADSCs on GO patterns. Neuronal differentiation from hADSCs is considered a challenge as it implied a conversion from mesoderm to ectoderm [125] . Thus, an NGO grid hybrid pattern was selected as the geometry to mimic the in vivo environment that had elongated and interconnected structure. It is assumed that the NGO grid pattern might enhance electrical signaling of neuronal network [126] . Interestingly, the morphology of hADSCs cultured on NGO grid hybrid revealed an internetwork-like formation after 5 days of incubation (Fig. 4 (b) ). In contrast, hADSCs on PLL-Au, NGO-Au substrates expressed a random arrangement. Furthermore, after a long-term culture, a distinct change in cellular morphology was observed. hADSCs on an Au substrate had a circular morphology and cells on the NGO-Au grid pattern revealed a bipolar orientation with cellular extensions. Additionally, cells on the NGO grid pattern also expressed high degree of neurite extension and growth. The expression of specific neuronal marker (TUJ1) evidenced the NGO-Au grid pattern led to a higher neuronal differentiation of inducted capacity than Au or NGO-coated Au substrate.
4.2.2
Neuronal activity on graphene-Graphene-based materials have been applied in neural interface and electrical recording because of their excellent electrical properties [127, 128] . Therefore, the combination of graphene and neuroscience to develop an advanced neuronal interface has become a new strategy for enhancing the record of neuronal signal or stimulating the neuronal activity [129] . The effect of graphene electrodes on neuronal activity of differentiated neurons was estimated in a recent study [130] . After formation of the neuronal network, an approximate 30% increase in neuronal signaling was observed in the network formed on graphene films and spontaneous Ca 2+ oscillations of neuron rose to twice that of the control group. These results indicated that graphene-based materials might support the growth of functional neural circuits and enhance the activity of neuronal networks. Liu et al. developed an implantable graphene-based neural electrode to detect the electrophysiological and neurochemical signaling in vivo [131] . They presented an rGO/ Au 2 O 3 nanocomposite-coated electrode to detect the concentration of H 2 O 2 in an in vivo hyperacute stroke model. This rGO-modified electrode provided high H 2 O 2 sensitivity, low detection limits, and stronger electron transfer between tissue and electrode interfaces than traditional gold electrodes. Furthermore, Feng et al. presented soft graphene-based nanofibers for detection of neuronal activity [132] . First, the negatively charged GO sheet was assembled on NH 3 plasma treated poly(vinyl chloride) nanofibers (called GO-NFs), and the GO-NFs were reduced to obtain the graphene nanofiber (G-NFs). The ultrathin graphene shell of G-NFs, which wrapped the nanofiber surface tightly, resulted in high electrical conductivity and excellent flexibility. Subsequently, compared with the neurons on graphene film (G-film) and tissue culture plate (TCP), neurons on the G-NFs expressed more branches of neurites and a faster growth rate. In addition, on the G-NFs, neurons exhibited high levels of TUJ1 expression as well as microtubule-associated proten-2 (MAP or MAP2) (maturated neuronal marker) caused by the geometry cues of G-NFs, which closely resemble nanofibers (Fig. 4 (c-i) ). In particular, by adding electrical stimulation on neurons through G-NFs (called G-NFs/ES), a noticeable accelerated growth rate that was nearly twice of that of neurons on the G-NFs was observed. This promotion can be due to the induction of Ca + influx, which activates the calmodulin-kinases pathways due to the depolarizing effect of the G-NFs activated voltage-gated Ca 2+ channels in order to increase the intercellular Ca 2+ concentration (Fig. 4 (c-ii) anisotropic electron transfer which can lead to a localized electrical stimulation at the contact points of neurons. Regulation of Ca 2+ and the excellent electrical conductive properties of graphene-based materials make them great candidates for neuronal applications.
2D
and 3D graphene constructs for neural regeneration-For nerve injuries, autologous nerve grafting by suture is a "gold standard" for small damaged nerve defects/ gaps in clinics [133] . Axonal regeneration has a slow regeneration rate (about 2-5 mm/day) [134, 135] which results in obstacles for the treatment of long defects/gaps. To this end, an appropriate supporting bridge, conduit, to correctly guide axon growth to reconnect damaged nerves is necessary. Hong et al. reported that a 2D graphene film grown on catalytic copper by chemical vapor deposition method not only had good biocompatibility but also simulated the neurite outgrowth, indicating that the graphene-based material was a suitable candidate for repairing injured nerves [136] . Additionally, many reports also have indicated that external electrical fields could promote neurite growth and direct the orientation of neurons [137, 138] . In an example, Li et al. also cultured NSCs on 3D
graphene foams (3D-GF) and observed an enhancement in neuronal differentiation [139] . GF is a 3D porous structure with a high specific surface area (200-800 m 2 /g) that allows the growth of NSCs, and the interconnected pores also support the cellular communication and ensure the efficient mass transport of nutrients for cells. Moreover, 3D-GF possessed microscale topographic features such as curvatures or anisotropic microstructures, which was different from 2D graphene-based materials so that the neuronal differentiation might be enhanced by these various surface properties [76] .
Although graphene-based materials have been widely utilized to fabricate films [131] or 3D scaffolds [132, 139] , there is ongoing studies in order to extend the versatility and functionality of graphene and its chemical derivatives for neural regenerative medicine. 3D printing techniques might be a suitable method to fabricate the complex neural structure such as brain or neuronal conduit. Shah et al. mixed graphene and poly(lactide-co-glycolide) (PLG) as a bioink, and then fabricated a custom-sized nerve conduit by a 3D printing technique [85] . In their report, by mixing graphene with PLG as a 3D printable graphene (3DG) ink, they demonstrated that, via increasing the concentration of graphene from 20% to 60%, the ranges of elastic strain are decreased from 210% to 81%, and conductivity could be raised from 200 to 600 S/m, respectively. After this, 3DG was used to culture hMSCs, and a high proliferative behavior was observed after hMSCs cultured on 20% and 60% 3DG for 14 days. Meanwhile, the expressions of neuronal specific markers (TUJ1 and MAP2) of the cells were significantly increased after 14 days of differentiation. It was also confirmed that 3DG possessed a neuronal-induction effect on hMSCs under a simple growth medium without neurogenic stimuli ( Fig. 5 (a) ). Additionally, on 60% 3DG printed scaffolds, high aspect ratio extension of neurons (more than 100 μm) could be observed. Notably, cells on 3DG scaffolds formed a wire-like network, which connected with individual cells (Fig. 5 (bd) ). Subsequently, upon closer inspection of cells, expression of uni-or multi-polar neuronal morphologies [140] such as the 2 μm-wide axon-like process and presynaptic terminals was evident ( Fig. 5 (d) ). Moreover, by applying the graphene-based conduit in a human cadaver model, the 3DG printed conduit (Fig. 5 (e) and (f)) was wrapped around the nerve bundle, sutured along the nerve conduit, and attached to the surround, epicedium and nerve bundle by sutures. This model indicated that the strong mechanical properties of the graphene-based conduit can be advantageous in surgical procedures (Fig. 5 (g) ).
Overall, the positive role of graphene and its derivatives have been confirmed in electrical stimulation of neural cells for the growth, differentiation, and the development of neural lineage cells. Additionally, the tunable surface and machining properties of graphene-based materials are suitable to fabricate the neuronal tissue-like structures in order to align the arrangement of neurons. These properties suggest that graphene-based materials have great potentials for neural tissue engineering applications.
Bone tissue engineering and regeneration
To enhance bone regeneration by stimulating cellular adherence, proliferation, and osteoblastic differentiation, graphene-based materials are widely used alone or incorporated into bone implants and scaffolds [141] . It is reported that excellent mechanical strength and protein adsorption of graphene-based materials can enhance osteogenic differentiation of human MSCs [141] [142] [143] . Remarkably, graphene can accelerate cellular differentiation without commonly used additional bone growth factors, such as BMP-2, while stem cells did not differentiate in the absence of graphene [144] . This might be due to the fact that graphene can increase local dexamethasone concentration via π-π stacking between the aromatic rings in the biomolecules and the graphene basal plane which can enhance the osteogenic differentiation. [120, 145] .
Incorporation of graphene and its chemical derivatives in materials used for bone regeneration can enhance osteoconductivity through stimulating both biomineralization and cellular osteogenic differentiation. For example, biominerals such as calcium carbonate (CaCO 3 ) mixed with graphene and GO sheets could augment biomineralization [146] . Also, osteoblasts grown on mineralized GO or graphene calcium phosphate composites exhibited high viability with elongated shape. When graphene hydrogel films were implanted in rat models, they induced bone regeneration by osteogenic differentiation of MSCs due to their rough surface morphology and excellent mechanical properties [147] . It implies that the high elastic modulus of graphene-based materials (~ 1 to 2.4 TPa) can be a driving force for spontaneous osteogenic differentiation [148] . Disordered topography can provide better environments for protein adsorption and cellular growth. In addition, porous graphene hydrogels made by a non-covalent interaction have higher mechanical strength than conventional hydrogel systems with similar water content level (90%) while simultaneously maintaining its mechanical flexibility [147] . When a graphene hydrogel film was implanted in a subcutaneous site, the hydrogel film remained stable. After 12 weeks from the implantation, abundant vascularization was observed around the graphene hydrogel film and there was no severe inflammatory response.
The inorganic part of bone is composed mostly of hydroxyapatite (HAP: Ca 10 (PO 4 ) 6 (OH) 2 ) which can support bone regeneration. Graphene-based materials have been combined with HAP to enhance osteogenic differentiation of cells and formation of new bone [146, 149, 150] . It was reported that GO/CaCO 3 or graphene/CaCO 3 hybrid composites can enhance formation of HAP when incubated in simulated body fluid (SBF) solution [146] . Based on the convergence of graphene with biomineralization, the resulted GO/graphene-HAP composites demonstrated high viability of osteoblasts with elongated morphology, providing a microenvironment similar to in vivo. To enhance biomimetic mineralization on GO, the surface of GO can be modified with functional groups, such as sulfate groups, to stimulate Ca 2+ binding and thus provide nucleation points for HAP mineralization [151] . For example, carrageenan (Car), a natural polysaccharides consisting of highly sulfated units, can be used to functionalize the surface of graphene and induce HAP mineralization. Based on the excellent biocompatibility of Car-GO, MC3T3-E1 cells grown on Car-GO showed higher viability and proliferation level with elongated shapes compared to cells on GO or glass substrates. In addition, cellular ALP activity on Car-GO was significantly higher than GO or glass substrates. As a result, not only did Car-Go enhance the cellular attachment, but it also stimulated bone mineralization activity of cells. Once HAP-including vesicles were released from the osteoblast cells, ions will deposit and bone mimetic crystallites will grow.
Graphene and HAP nanoparticles can self-assemble into 3D nanocomposite hydrogel based on colloidal chemistry synthesis, using aqueous suspensions of GO nanosheets and citratestabilized HAP nanoparticles [152] . During hydrothermal treatment, thickness of GO nanosheets increases as they attract each other through π-π interaction, based on the increased hydrophobicity. In addition, GO reduces into rGO due to the presence of citrate ions, since precursor ions that can be oxidized are reported to rGO [153, 154] . Once the graphite-like shell structure is developed, the shell functions as a dialysis membrane to remove excess amount of ions including sodium citrates and deposit destabilized HAP nanoparticles on graphene flasks. As a result, HAP nanoparticles become entrapped inside the 3D graphene network, forming homogenous graphene-HAP gel. When mouse MSCs were cultured on graphene-HAP nanocomposite hydrogels, high cellular viability was observed with more elongated morphology compare to rGO hydrogel, indicating enhanced cellular affinity on graphene-HAP nanocomposite hydrogel.
rGO sheets and HAP microparticles can adhere with each other through electrostatic interactions and hydrogen-bonding [149, 150] . The positively charged calcium moieties on the surface of HAP microparticles can be immobilized on the negatively charged hydroxyl and carboxyl groups on the surface of rGO sheets via electrostatic interactions. From the zeta potential analysis, surface charges of rGO sheets and HAP microparticles in deionized (DI) water (pH 7.0) were measured to be around −34.5 mV and +6.5 mV, respectively [150] . After rGO sheets partially covered HAP microparticles, the surface charge was measured to be around −23.7 mV. In addition, the hydroxyl group of HAP microparticles and the oxygencontaining groups of rGO sheets can induce hydrogen-bonding interaction. As a result, HAP microparticles can be coated by the interconnected network of rGO.
Nanocomposites made by rGO sheets and HAP microparticles demonstrated enhanced cellular viability compared to HAP microparticles. Mitigated cytotoxicity of rGO/HAP nanocomposite may be derived from the coating effect of rGO sheets on HAP particles, since cellular growths were inhibited under the higher concentration of rGO sheets (>31.3μg/ml) compare to HAP microparticles (>10μg/ml). rGO/HAP nanocomposite can also enhance spontaneous osteodifferentiation of preosteoblasts (MC3T3-E1) in vitro, with significant increase in expression levels of osteopontin and osteocalcin. In addition, the calcium deposition in MC3T3-E1 cells were significantly greater under the influence of rGO/HAP nanocomposite, compare to that of HAP ( Fig. 6 (a) ) [155] . Notably, rGO/HAP nanocomposite was able to induce calcium deposition in MC3T3-E1 without any osteogenic agents. When implanted into a critical-sized bone defect model, rGO/HAP nanocomposite reduced inflammatory responses and stimulated new bone formation (Fig. 6 (b) ) [156] .
Effects of graphene-based materials combined with other composites, such as strontium and calcium silicates, on osteogenic differentiation are also widely investigated [157, 158] . When strontium particles are encapsulated in GO and rGO, strontium ions can be continuously released from the composite scaffolds and stimulate cellular proliferation and their osteogenic differentiation [157] . In addition, when graphene is mixed with calcium silicate (CaSiO 3 ), which is already a known biomaterial to enhance osteoblastic differentiation, rGO added CaSiO 3 matrix stimulated proliferation and ALP activities of human osteoblast cells better than calcium silicate ceramics, indicating synergetic effects of graphene-based materials and biocompatible materials [158] .
Enhanced mechanical property by graphene-Graphene
can reinforce the mechanical properties of hybrid materials for load-bearing implant applications to regenerate bone tissue. The toughening mechanism for graphene-based materials are based on crack bridging, pull-out, crack deflection, and crack tip shielding [159] . Graphene can bridge across the crack to provide closure stress to relax fracture stress. Also, graphene pulled out from the material can impede crack propagation by the interfacial friction between graphene and matrix material. When crack encounters graphene, it changes the direction of crack propagation that results energy dissipation and thus hinders crack propagation. In addition, crack tip can be blocked by graphene phase as additional energy is required for interface debonding.
Graphene-based materials can be used to improve mechanical strengths of bioceramics, hydrogels, and bioactive glasses, without damaging their structures or biocompatibilities [159] . In a graphene incorporated HAP system, it was reported that fracture toughness can be increased up to 56% with 4% of CNT in HAP coating [160] . In addition, elastic modulus, fracture toughness and wear resistance of CNT reinforced HAP composite fabricated by spark plasma sintering were increased up to 25%, 92%, and 66% respectively, compare to pure HAP [161, 162] . Graphene-incorporated hydrogel film was reported to stimulate the calcium deposits and osteogenic differentiation of stem cells without any additional inducer, while host tissue response was observed at the minimum level in vivo at subcutaneous sites of rats [147] . Among many unique properties of graphene, osteogenic stimulation mechanism of the self-supporting graphene hydrogel was highly supported by its exceptional mechanical strength, as stiff substrates are known to promote bone differentiation [143] . Self-supporting graphene hydrogel had much higher tensile modulus of 69 ± 5 MPa [147] , while conventional polymer hydrogels were reported to have tensile modulus range between 0.01 to 10 kPa [163] .
Protein adsorption on graphene constructs-
Graphene is the strongest, thinnest, and lightest material, which can be used as substrates for biomolecules to enhance cellular attachment, growth and activity [36, 164] . Due to their high surface area, graphene materials can absorb a large amount of small molecules. For the graphene-family nanomaterials, including graphene, graphite, GO, and rGO, biomolecules with low solubility, partial hydrophobicity, or positive charge are generally favored for adsorption [165] [166] [167] . For rGO, proteins can be adsorbed on the surface through hydrophobic interactions and π-π stacking interactions. Also, for GO the system exhibits π-π stacking interactions, hydrophobic interaction, and hydrogen bonding between the nitrogen/oxygen containing groups of GO and oxygen functional groups in proteins are known to be involved during protein absorption. To enhance the amount of protein adsorption on graphene constructs, surfaces of graphene-based materials can be functionalized or modified to optimize their hydrophilicity/hydrophobicity to attract proteins with complex amphiphilic properties [141, [168] [169] [170] .
As an example, surface oxygen content can affect protein adsorption level of graphene-based materials. Shi et al. used a low-temperature thermal reduction method to control oxygen content of GO which further optimized reduction states of multi-layer rGO (MrGO) [141] . After thermal reduction, increased amount of proteins, such as fibronectin, fibroblast growth factor, bovine serum albumin, and fetal bovine serum, were absorbed on the surface of MrGO, through non-covalent interactions. As a result, cellular attachment, proliferation and bone-mineralization related activities were enhanced in cells grown on the MrGO. In addition, based on the protein adsorption capability, GO can be utilized for the delivery of bone morphogenetic protein-2 (BMP-2) and substance P (SP) through electrostatic interaction between the ionized groups of GO and proteins and hydrophobic π-π stacking [171] .
Cartilage tissue engineering and regeneration
Human cartilage tissue is composed of approximately 1% (v/v) of highly specialized chondrocytes embedded within a pool of extracellular matrix proteins, such as collagens, glycosaminoglycan (GAG), proteoglycans, and noncollagenous proteins [172, 173] . Articular cartilage enables low-friction movement of synovial joints while exhibiting sufficient level of strong mechanical properties to sustain body weight. However, unlike other tissues such as bone, cartilage tissue is unable to spontaneously recover once damaged, as it is almost avascular and acellular. In this regard, cellular therapies using MSCs are widely used in clinics to regenerate cartilage tissues by inducing chondrogenic differentiations in defect sites. To induce the cellular repair process, graphene has been incorporated as a scaffold for the stem cell therapy of cartilage treatment, based on its stimulation effects on cellular growth/differentiation and excellent mechanical properties.
To deliver both cells and proteins for cartilage tissue engineering, graphene-based materials can act as "growth factor factories". Graphene/cell biocomposites can be formed by assembling MSCs with graphene flakes and act as a pre-concentrate platform for cartilage tissue engineering [173] [174] [175] . The schematic of the process for making graphene/cell biocomposite is shown in Fig. 7 (a) [176] , which describes preparation of graphene-based solutions in fetal bovine serum and chondrogenic chemical inducers. After hMSCs were added into the graphene solution, as shown in Fig. 7 (b-f) , the cells and graphene-based materials were self-assembled into a bio-composite. The nanoscale porosity of GO could be controlled by acid and base treatment after its synthesis to maximize its protein loading capacity. The resulting graphene-cell biocomposites could enhance cellular viability and their chondrogenic differentiation behaviors, which is expressed by high deposition of chondrocyte-specific extracellular matrix (aggrecan, collagen II, and GAG). Since the presence of GO in the composite can accelerate cellular chondrogenic differentiation, engendering porosity of graphene can increase loading amount of GO thus enhance cellular differentiation rate. Before incorporating into cellular pellets, GO sheets could also adsorb fibronectin (FN) and TGF-β proteins through π-π and electrostatic interaction while preserving protein structures to promote chondrogenic differentiation [174] . By incorporating GO sheets as protein delivery carriers, cellular pellets with sizes larger than their general diffusion limitation (150-200 μm) became available to utilize, as chondrogenic inducers can be supplied to cells located inside the core region of cellular pellets [174] .
Graphene-based materials can act as mechanical and electrical cues in cartilage scaffolds, as they can improve overall mechanical strength and conductivity. As shown in Fig. 7 (g) , a hybrid cartilage scaffold composed of chondroitin sulfate methacryloyl, poly(ethylene glycol) methyl ether-ε-caprolactone-acryloyl chloride, and GO (CSMA/PECA/GO) was used to provide biomimetic 3D environment [175] . Cartilage cells grown on this CSMA/ PECA/GO scaffold proliferated with high viability in vitro, indicating biocompatibility of the scaffold. When the CSMA/PECA/GO scaffolds were implanted in the osteochondral defect of a rabbit model, CSMA/PECA/GO scaffolds with cell injection induced higher volume of newly formed cartilage/bone tissues, compared to scaffold-only group [175] .
Skeletal muscle tissue engineering and regeneration
As skeletal muscle tissues have limited regeneration capacities, once they are severely damaged, permanent loss of tissue function can occur. To regenerate skeletal muscle tissue, stem cell based therapies are often used with nanomaterials that can act as functional scaffolds to stimulate cellular viability and differentiation. In this respect, since graphenebased materials possess excellent flexibility, relatively high electrical conductivity (0.6 S/m), and strong mechanical properties with ultralow density (0.16 mg/cm 3 ), they can act as excellent cellular substrates for muscle tissue engineering [177] . Due to its excellent elastic stiffness, ultralight and highly compressible graphene aerogel, which was prepared by applying microwave reduction to the mixture of GO with ethylenediamine, could fully recover after 90% compression without fracturing, in the cyclic compression test. Even after 1000 times of compressions, graphene aerogel could maintain 70% of the maximum stress value and recover its original volume [177] .
Graphene-based materials can enhance adhesion, proliferation, and myogenesis of skeletal muscle cells (Fig. 8 ) [178, 179] . When C2C12 myoblasts were grown on ultrathin thermally reduced (TR) graphene-based films, cells demonstrated higher attachment and better spreading behavior than GO and glass slide [178] . During in vitro cellular bioactivity evaluation, conductivity of TR-graphene substrate was more than 3 times of that of GO substrates. As a result, when electrical stimulation was applied, differentiation of C2C12 myoblasts into myotubes was accelerated on TR-graphene substrates compared to GO and glass slides, with increased myotube length and cell-covered area. Gene expression levels related to the contraction capabilities of cells and myotubes differentiation, such as α-actinin, muscle regulatory factor 4, myosin heavy chain isofactorIId/x (MHC-IId/x), and sarcomeric actin, were significantly enhanced in cells grown on TR-graphene substrate than GO and glass slides. Interestingly, while C2C12 cells grown on TR-graphene substrates showed significantly enhanced differentiation level under electrical stimulation, C2C12 cells grown on GO and glass slides only showed similar or marginal improvement in their differentiation level. For example, after electrical stimulation application, expression level of MHC-IId/x increased over 10-fold in C2C12 cells grown on TR-graphene substrates, while expression level of MHC-IId/x did not show significant change in C2C12 cells grown on GO and glass slides.
Graphene-based materials can also enhance cellular alignment and thus maximize cellular contractile power for skeletal muscle tissues [179, 180] . Based on the attachment preference of C2C12 cells on graphene over SiO 2 . Bajaj et al patterned graphene islands on oxide surfaces using lithography to induce highly aligned cells. Myotube area fractions on graphene and oxide surfaces were 76% and 7.4%, respectively, and thus spontaneous alignment of myotubes was achieved on graphene patterns. When electrical stimulation was applied from the waveform generator, myotubes were contracted at the same rate with the applied frequency pulse.
Skin/Adipose tissue engineering and regeneration
Current tissue engineering solutions to skin regeneration are complicated by wound structure, secretion and formation of ECM. Materials with microporous structure and high surface-to-volume ratios similar to the ECM of tissue is considered beneficial to skin regeneration [181] . Graphene and GO can offer solutions to these problems, as they may be strong skin tissue engineering platforms due to their high surface area and protein adsorption properties. Researchers have shown that GO-poly(lactic-co-glycolic acid)/collagen (GO-PLGA/collagen) hybrid fiber sheets with high hydrophilicity and surface energy could promote the adhesion of human dermal fibroblasts (HDFs). The use of collagen allowed biochemical interactions with the HDFs comparable to integrin-ECM interaction. This leads to the conclusion that GO and collagen may favorably interact to promote skin regeneration due to their combined advantageous impact on the proliferation and migration of dermal fibroblasts. The cells cultured on GO-PLGA/collagen sheets grew in a similar manner to what is typically seen on PLGA/collagen sheets with the added benefit of increased proliferation ( Fig. 9 (a) and (b)) [181] .
Li et al. demonstrated that GF loaded with MSCs enhanced wound healing while having strong biocompatibility. In this research GF promoted growth and proliferation of MSCs ( Fig. 9 (c) and (d) ), leading to improved wound closure in animal models that included thicker and more skin tissue growth two weeks after implantation ( Fig. 9 (e-g) ). In these models there was also an upregulation of VEGF and basic fibroblast growth factor (bFGF), both drivers of neovascularization. In addition, there might be an anti-scarring benefit as TGF-β1 and alpha-smooth muscle actin (α-SMA) were downregulated while TGF-β3 was unregulated [182] .
In some cases, graphene and GO have been shown to have strong noncovalent bindings with a variety of bioactive agents that improve stem cell proliferation, including MSCs. Lee et al.
utilized graphene and GO sheets as a tissue engineering platform due to their high in-plane stiffness and biocompatibility. They demonstrated that graphene and GO acted as preconcentration platform for stem cell inducers, leading to MSCs differentiation that can be attributed to their interactions with the graphene structure. Furthermore, GO was found to allow adipogenesis due to their electrostatic binding with insulin [120] .
Other researchers described GO films coated on glass substrates, which were used to culture human ADSCs (hADSCs). The hADSCs demonstrated increased amounts of focal adhesions when grown on the GO films, along with increased correlation between actin filaments when compared to hADSCs grown on uncoated glass. The GO films also enhanced hASC differentiation, including osteogensis, adipogenesis and epithelial genesis compared to uncoated glass substrates [183] .
Biocompatibility of graphene in vitro and in vivo
The use of graphene for biomedical applications has led to thorough analyses of its toxicity and biocompatibility. Similar to other carbon-based materials, graphene is nonbiodegradable and may lead to severe toxicity in areas such as the lung. Graphene demonstrates little biological degradation, though carboxylated derivatives may be tuned to degrade in the appropriate circumstances [184] . Studies have focused on a variety of methods to prepare graphene and the resulting cytotoxic effects. For example, graphene prepared through chemical vapor deposition increased apoptosis, level of lactate dehydrogenase, and the generation of reactive oxygen species in neural cells [185] . A level of 50 μg/ml of GO in fibroblasts has been demonstrated to result in significant cytotoxicity [186] . Others have demonstrated that a concentration of roughly 80 μg/ml may be the threshold for cytotoxicity in A549 human carcinomic alveolar basal epithelial cells (A549 cells), as apoptosis at higher levels of exposure may be possible.
In vivo toxicity of graphene has also been demonstrated in animal models such as the lungs of rats and mice, where injection of GO led to dose-dependent toxicity through accumulation over long periods of time [187] . These toxic effects of GO may be attributed to GO being unstable in vivo and the non-specific binding characteristics of proteins to GO. In this case, GO was captured in the lung, as it is the initial organ the graphene-derived material was carried after injection. In another study, it was found that GO had a longer blood circulation time than comparable nanomaterials while having low uptake into the reticuloendothelial system [188] . While investigating a 1 mg/kg body weight dose of GO over a 14-day period, researchers found no pathological changes in the organs which were examined along with strong biocompatibility with red blood cells. Another study evaluated the thrombogenic properties of a scaffold that was surface modified with rGO. When compared to the non-coated cellular tissue, there was no significant difference in platelet adhesion between the two. Furthermore, no adherent platelet-leukocyte aggregates were observed and there was no difference in DNA fragmentation. These results indicated that rGO is a strong material for modifying bioprosthetic heart valves due to its hemocompatibility [189] .
As mentioned above, graphene and its derivative materials can be modified in order to improve its biocompatibility. For example, Wang et al. used a bottom-up approach to synthesize amine-functionalized graphene quantum dots (GQDs), which resulted in watersoluble single-crystalline GQDs with strong absorption bands within the visible region. This material demonstrated a high cellular viability and low toxicity level over time (over 90% in 48 hrs) compared to traditional quantum dots (Fig. 10 ) [190] . Also, graphene/ PCL composites were synthesized by the ring-opening polymerization of ε-caprolactone under the exposure of GO nanosheets. After culturing the fibroblasts on the nanosheets, a significant increase in cell density on graphene/PCL was observed over 4 days that demonstrated equally strong biocompatibility [191] . Additionally, upon PEGylation, similarly, graphene may have far better biocompatibility and behave differently in vivo.
Presence of PEGylated graphene in sizes of 10-50 nm led to a minimal cytotoxicity over a month-long period. The PEGylated graphene accumulated in the liver and spleen instead of the lung, and was gradually excreted over time [192] . Lu et al. further demonstrated in an in vivo study that PEG-functionalized 125I-labeled nanographene sheets (NGS) exhibited reduced toxicity. In a long-term toxicity study of a 20 mg/kg dose, mice biochemistry, hematology and histology were examined for a 3-month period. After IV administration, PEGylated NGS was found to accumulate in the reticuloendothelial system, principally in the liver and the spleen, and was gradually excreted, demonstrating strong biocompatibility due to fictionalization [193] . Moreover, another study investigated the biocompatibility of GO among two levels of oxygenation following subcutaneous and peritoneal tissue implantation in order to investigate GO's influence on medical devices (Fig. 11 ) [194] . An inflammatory response consistent with normal foreign body reaction was demonstrated in these studies. 20 mg/kg of GO with different C to O ratios and were injected into tissue sites. The presence of inflammatory cells was quantified utilizing flow cytometry and compared to a PBS injection control. Macrophage levels were monitored over a two-week period, and the study demonstrated that macrophage levels were lower in the GO groups than control. Notably, higher oxidation levels of GO resulted in increased numbers of monocytes and an enhanced pro-inflammatory environment was identified. To sum up, we realize that the major parameters that can cause toxicity in graphene-based materials are the dose, size, time of exposure, and number of layers of graphene. In particular, the surface properties of graphene and its derivatives such as functional group or chemical structure were considered as highly related with their toxicity. The cytotoxicity was reduced by functionalizing the derivatives with biocompatible compounds or controlling the size of the compounds using synthetic methods. Additionally, graphene-based materials may also generate oxidative debris and induce cytotoxicity. Thus, the purity of graphene and its derivatives during functionalization should be considered. Overall, due to various sizes, shapes, and fabrication of graphene-based materials, there is still a need to standardize the validation of toxicity for clinical usage in the future.
Conclusions and future direction
Significant advances have been made during the past decade in the development of graphene-based materials. Recently, graphene-based materials have been found to have many applications in the fields of tissue engineering and regenerative medicine due to their ability to provide excellent physical, chemical, and biological properties. The peculiar atomic arrangements endow graphene with a strong adsorbing capacity for use as gene/drug delivery vehicles. Graphene and its derivatives also provide a new selection for enhancing the mechanical and surface properties of biomaterials to regulate the cardiomyogenic, neurogenic, osteogenic and cartilaginous abilities of stem cells. Additionally, the high electrical conductivity of graphene and its derivatives is expected to stimulate the growth and activities of electrically excitable cells such as cardiomyocytes and neurons, and enhancing the record of the cellular signals. Subsequently, coupling the tunable surface chemical and machinable properties for 3D printing technology further creates complex graphene architectures and efficiently extends their applications. Moreover, combination of graphene and its derivatives with other compositions that have properties such as wettability or flexibility make them good candidates to fabricate multi-functional smart materials. As a result, the graphene composites can become environmentally sensitive or can possess shapememory or self-folding properties which can extend their biomedical applications. As an example, GO mixed with a phase changing material was utilized to create a thermoresponsive drug delivery system. This system improves drug-loading efficiency along with photothermal effects for photodynamic therapies. Also, combining graphene with polydopamine can create a self-folding mobile device. Furthermore, combining the selffolding graphene-based materials and 3D printing technology will help develop the next generation of printing techniques to apply in tissue engineering. Although, graphene and its derivatives have been widely used for these ranges of biomedical applications, problems still exist when it comes across the cytotoxic or genotoxic effects of these nanomaterials. There is not a gold standard to overcome the biocompatibility issues associated with graphene products in living systems. This necessitates establishing graphene-based models to evaluate and control cellular behaviors in vitro. Surface modification including protein or cytokine functionalization has attracted a great deal of attention to resolve the biocompatibility concerns. Further developing the testing model to understand the mechanisms of graphenebased materials cytotoxicity is worth deeper investigation before graphene and its derivatives may be eventually applied to the clinics. 
